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Abstract: Today, more and more importance is given to the improvement of polymer materials’
wear resistance, i.e., their micro-mechanical and tribological properties, which could widen their
application in practice. The properties of materials can be modified by several methods, among
them exposure to electron radiation. This study focuses on the effect of varying radiation intensity
(15 kGy to 99 kGy), depth of penetration, and subsequent structure modification of injection-molded
polypropylene on tribological and micro-mechanical properties. Electron radiation influences the
structure of individual layers, thus improving or degrading their properties. Hence, the depth of
penetration can be examined by instrumented hardness tests and scratch tests. Due to irradiation,
surface properties and wear resistance increased by up to 105% (from 38 MPa to 78 MPa). As the
results show, an increase in mechanical properties was recorded in the direction towards the center of
the sample (from 72 MPa to 82 MPa). Micro-mechanical tests were also confirmed by the observation
of cross-linking changes (gel test) as well as crystallinity increases (wide-angle X-ray diffraction and
microtome cuts). This finding could have a significant effect on the manufacturing and subsequent
modification of injection-molded polypropylene parts, which opens new possibilities in practice for
this material. The increased surface wear resistance enables the use of parts for which the durability
and abrasion resistance of the surface are demanded, especially in applications facing exposure to
long-term cyclical loads (e.g., gears).

Keywords: polypropylene; injection mold; electron radiation; depth of penetration; mechanical
properties; tribological properties; structure modification

1. Introduction

Radiation modification of polymer properties is an ever-expanding field of work that
generates progressively more interest from the industry. Use of this method requires a full
understanding of radiation effects on polymer materials, especially when the goal is to
improve their properties to higher levels [1-3].

Once the electron beam interacts with polymer material, its energy is absorbed by
the polymer and an active particle (radical) is produced, due to which numerous chemical
reactions commence. The following processes belong among these reactions:

Cross-linking, which is when polymer chains link together in to a network,

Chain scission, which leads to lower molecular weight of polymer;

Oxidation, when polymer molecules react with oxygen (oxidation and chain scission

often times appear concurrently);

Chain branching, which is when polymer chains link, but 3D network is not yet created;

Grafting, which is when a new monomer polymerizes and gets grafted on base poly-

mer chain [1-8].

Varying polymers react differently to radiation, especially when it comes to cross-
linking vs. chain scission. Parameter G is a widely used value defined as chemical gain
depending on the number of reacting molecules per 100 eV of absorbed energy. Parameter
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G(X) describes how many transverse bonds are created in polymers per 100 eV of absorbed
energy, while parameter G(S) describes how many chains undergo scission per 100 eV
of absorbed energy. Materials, where G(S)/G(X) < 1 apply are suitable for cross-linking.
Materials with G(S)/G(X) > 1 are usually susceptible to degradation. Materials that possess
both low G(S) and G(X) tend to be more resistant to radiation [1,2,4,6-8].

Cross-linking and chain scission are two competing processes that coexist during
irradiation. The overall outcome of radiation depends on which of these has the upper
hand at the observed time. Whenever the parameter G(X) is greater than G(S), the outcome
is cross-linking. In the opposite case, the outcome is chain scission, i.e., degradation.
The values of both parameters for any given polymer closely correspond with irradiation
processing conditions, e.g., absorbed dose and temperature of irradiation. Both parameters
increase with rising radiation doses. However, parameter G(S) generally grows faster
than G(X). For this reason, three scenarios can occur concerning the relationship between
polymer molecular weight (MW) and radiation dose (Figure 1) [1-8].

G(X) >> G(S)
G(X) > G(S)
........ G(X) < G(S)

Molecular weight

qqqq

Radiation dose

Figure 1. Relationship between polymer molecular weight (MW) and radiation dose.

In the first case, when G(X) is much higher than G(S), MW continually rises due to
cross-linking, up until it plateaus due to G(S) increasing faster. In the second case, when the
G(X) value is still higher but the difference is not so significant, the G(S) value catches up,
and a break on the MW curve that signifies a switch-over to degradation can be observed.
Finally, when G(S) > G(X), the material continually experiences degradation [1,2,4-8].

A study by Sirin et al. investigated the influence of radiation on polypropylene and
polyethylene blend samples with varying weight ratios. Radiation doses of 10, 30, 50, 70,
and 100 kGy were applied by a 60 Co source from polymer blends obtained from mixing
polypropylene (PP) and polyethylene (LDPE). It was found that the melt temperatures of
the blends were close to those of virgin polymers and that increasing the radiation dose
slightly changed them. Overall, it can be said that the results of these polymer blends were
important due to the improvement of some physical and thermal properties of polymers [9].

In another study, Yang et al. examined the effects of copper on a gamma-irradiated PP
blend containing a cross-linking agent. The main finding of this research was the significant
support that copper provides to the creation of a 3D network within PP blends during
gamma radiation exposure. Copper in a PP structure accelerated the creation of free radicals
in PP, which supports the creation of a cross-linked structure. The results of the gel test
(60.65%), Melt Flow Index (MFI) test, and rheological analysis showed that the cross-linked
structure hastened by the presence of copper was more pronounced with lower radiation
levels (20 kGy) [10].

As stated in this article, gamma radiation has a significant influence on the modification
and improvement of polymer materials. After radiation exposure, polymers were more



Lubricants 2023, 11, 296

30f17

resistant to chemical reactions since there were no ingredients left to react with. Thus,
polymers treated this way can be used in a wider temperature range for highly demanding
applications, such as automotive, foil packaging, electric isolation, tissue engineering,
medical device sterilization, biomedical and nuclear applications, and more [11-17].

Studies conducted by MS. Rahman et al. [18], Yang Di et al. [19], Baixing Liua et al. [20],
and Natalia Wierzbickaa et al. [21] investigate the influence of electron radiation on the
tribological properties of modified polymers. The results show that electron radiation has a
positive influence on the tribological properties of varying types of polymers. Furthermore,
higher radiation doses led to a decrease in tribological properties, which was caused by
degradation processes.

Radiation cross-linking by beta electron radiation has found its place in various
industrial fields, especially due to its advantages as a clean and safe technology. As a result
of the immediate and precise delivery of the necessary radiation dosage, this technology
has found its place in a diverse field of applications, e.g., isolation of cables and wires,
heat-shrinkable foils and tubes, water pipes, and floor heating [22-28].

The aforementioned literary research is concerned with the description of the electron
radiation effect on polymer properties. The presented studies describe parts of this as
problematic, especially the influence of electron radiation on mechanical or tribological
properties or the structure of polymers. There is no single study that deals with the influence
of electron radiation on the micro-mechanical, tribological, and structural properties of
polypropylene in a complex manner. The material polypropylene was chosen for this study,
which is commonly used in technical practice for a number of structural applications and
can also be easily modified using electron radiation. The current study deals with the
influence of the penetration depth of an electron beam on the creation of structure, which
results in varying micro-mechanical properties and tribological properties in individual
layers of material.

2. Materials and Methods

Polypropylene, modified by electron radiation with an intensity range from 15 to
99 kGy, was chosen as the test material. Electron radiation causes cross-linking within the
structure, but its effect is not uniform throughout its thickness. The change in properties
was studied by micro-indentation tests with several loads (reaching differing depths) as
well as across (cross-section) the material thickness. These changes were later confirmed
by morphology measurements, such as the gel test and wide-angle X-ray diffraction. Each
measurement was conducted at least 10 times and subsequently statistically evaluated by
arithmetic mean and standard deviation.

2.1. Material

For the experiment, polypropylene (PP) with the trade name V-PTS-CREALEN-EP-
2300L1*M800 (Dumfries, Scotland) was chosen as the test material. This polymer can be
cross-linked by beta radiation only when enhanced with a special cross-linking agent. For
this polypropylene, the cross-linking agent TAIC (Triallyl isocyanurate) in 6 vol. % was
chosen. The entire TAIC-enhanced granulate preparation process was undertaken by PTS
Plastic Technology Service.

2.2. Preparation of Test Samples

Test samples were manufactured by injection molding on ARBURG ALLROUNDER
470 E by Arburg (Losburg, Germany). Test samples were manufactured according to CSN
EN ISO 527-1 standard in a prism shape with the dimensions 4 x 80 x 10 mm. Injection
molding parameters were set according to the polymer manufacturer’s recommendations,
as can be seen in Table 1.
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Table 1. Process parameters of injection molding (PP).

Technological Parameter Unit Value
Injection pressure MPa 80
Injection speed mm/s 50
Length of dose mm 40
Temperature under hopper °C 50
Cooling time s 40
Holding pressure MPa 8
Holding pressure duration s 5

Heat zones settings

Zonen. 1 °C 210
Zonen. 2 °C 220
Zonen. 3 °C 230
Zonen. 4 °C 240

Polypropylene was enriched by 6 vol. % of triallyl isocyanurate (TAIC), which is a
cross-linking agent. During irradiation, TAIC enables free radicals in polypropylene to
bond to the cross-linking agent and create a certain degree of cross-linking. The entire
process of granulate preparation was carried out by PTS Plastic Technology Service.

The irradiation processes were conducted by BGS Beta-Gamma Service in Germany.
The source of electron (3-radiation was the high-voltage accelerator Rhodotron with a
maximum energy of 10 MeV. Set doses of radiation were 15 kGy, 33 kGy, 45 kGy, 66 kGy,
and 99 kGy.

2.3. Tribological Properties—Scratch Test

Tribological properties were measured using the MicroCombi tester MCT® made by
Anton Paar (Graz, Austria). The measurements were carried out by micro-indentation tests
that enable the determination of the friction coefficient and resistance to abrasion of the
studied surfaces. The principle of this measurement is based on a straight-forward motion
of the indentor (Rockwell cone) with a 120° tip angle and a 100 um tip radius along the
test sample surface. Measurements were carried out with constant loads (1 N and 5 N) and
other process parameters, which can be seen in Table 2.

Table 2. Measurement parameters for tribological properties.

Measurement Parameter Measurement 1 Measurement 2
Applied load (N) 1 5
Speed (mm/min) 10 10
Length (mm) 5 5
Acquisition Rate (Hz) 30 30

Ahead of the process, the indentor moves along the surface with a defined force to
initiate the measurement device. Following the initiation, the indentor penetrates the test
sample with normal force F,,, which leads to material deformation and the creation of an
imprint. Sensors record the friction force F;, which is proportional to normal force, in a
so-called pre-scan that is concerned with the surface profile of the test sample before the
penetration P4 (penetration depth) and post-scan of the imprint R4 (residual depth), which
is important for polymer relaxation evaluation. The difference in profile depths (P4—R4) can
be used to gain valuable information about the viscoelastic properties of material. Critical
loads can be calculated precisely through acoustic emissions AE and friction coefficient p.

2.4. Micro-Mechanical Properties

Micro-mechanical properties were measured by the instrumented hardness test with
the DSI (depth sensing indentation) method on a MicroCombi tester MCT® manufactured
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by Anton Paar (Graz, Austria). The evaluation of measured mechanical properties was
carried out according to CSN EN ISO 14577-1. The set measurement parameters can be seen
in Table 3. A Vickers four-sided pyramid with a tip angle of 136° was used as the indentor.

Table 3. Measurement parameters for micro-mechanical properties.

Measurement Parameters

Applied load (N) 0.5 1 5

Load hold duration (s) 90 90 90
Loading/de-loading speed (m/s) 1 2 10
Poisson number 0.3 0.3 0.3

According to the aforementioned standard, the following parameters were evaluated:
indentation hardness, indentation modulus, and indentation creep. The calculation of
individual values was carried out using the method by Oliver and Phaar (Figure 2).

Surface profile Intial surface
after load

\ Surface profile

under load

Figure 2. Schematic representation of the indentation processes showing the decreasing of the
indentation depth during loading (according to Oliver and Pharr).

Indentation hardness Hjr represents the degree of resistance to permanent deformation
or damage. Indentation hardness Hjr is generally defined as the maximum loading force
Pyax divided by the area of contact (A,) between the indentor and test sample [29,30].

Fmﬂx
Hir = 1
=y )
Ap =23.96 x IZ @)

Further material properties that can be gained from the indentation test conducted
by the DSI method are the indentation modulus E;r, reduced modulus E,, and complex
modulus E*. In an ideal scenario, the indentation modulus has the exact same meaning
as the elastic (Young) modulus. In general, the indentation modulus can be determined
from the slope of the tangent line used for the calculation of the indentation hardness Hr.
The calculations involve the Poisson number (vs), which is usually between 0.2 and 0.4 for
metal materials and 0.3 and 0.4 for polymer materials [29,30].

Err = E* x (1 —vs?) 3)

Ef=——— (4)

o ©)
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If the change in the imprint’s depth is measured during constant load, the relative
depth of the indentation can be calculated; this value is called material creep. Equation (6)
contains h1, which is the indentation depth in t;, the time when the maximum load is
reached. Furthermore, I is the depth reached in #, during the hold on constant maximum
testing load phase [29,30].
hy — Iy

hy

Micro-mechanical properties were measured on the surface layer (loads 0.5 N, 1 N,
and 5 N) and individual depths under the surface (through cross-section) with a load of
0.5 N. For individual measurements at individual depths of the sample, the irradiated
samples were cut into segments, fixed in resin, and polished.

Samples were cut using a laboratory linear saw, IsoMet 4000, manufactured by Buehler
(Leifelden-Echterdingen, DE), which utilizes a diamond grinding wheel. During cutting,
the sample was cooled by liquid brought to the cutting space of the wheel. The revolutions
of the saw were set to 1800 rpm.

Individual segments were fixed into resin on a SimpliMet 1000 press provided by
Buehler. An Automatic press, SimpliMet 1000, is generally used to produce thermoplastic
and thermoset test samples. The following parameters were set: heating time (1:30 min),
cooling time (4 min), pressing pressure (290 bars), sample diameter (40 mm), and pressing
temperature (150 °C). PhenoCure resin, made by Buehler, was used as powder for the
sample fixture.

The samples in resin were first ground by EcoMet 250 with a rotating head AutoMet
250, both also manufactured by Buehler. The process started with the following parameters:
head rotation revolution (40 rpm), table revolution (100 rpm), and pressing force (20 N),
which made the samples adhere to the grinding wheel. Water was delivered to the grinding
plane in order to improve the cooling effect and carry away chipping residue. The grinding
was carried out in multiple steps with grinding wheels of varying textures (P180, P320,
P600, and P1200). Then, the samples were polished in diamond suspension with 9 and
3 um particles. Polishing was conducted without additional cooling.

Cir =

100 (6)

2.5. Morphology

The results of the instrumented hardness tests and polymer morphology changes
induced by cross-linking were evaluated by the gel test and wide-angle X-ray diffraction.

2.5.1. Gel Test

The degree of cross-linking was determined by the gel test, which was carried out
according to the EN ISO 579 standard. The general procedure of the gel test starts with the
preparation of 1 g of irradiated material, with precision to three decimal places, which is
then mixed with 100-250 mL of solvent. Test samples in this work were made out of PP,
which has an amorphous part that can be dissolved by Xylol while the cross-linked part
remains intact.

The mixture is left to extract for 6 h. Afterwards, distillation is used to separate the
soluble parts. In order to remove the remaining Xylol, the cross-linked extract is washed
in distilled water. The extract is purified this way and then dried for 6-8 h with lowered
pressure in a vacuum drier at 100 °C. After it is completely dried and cooled, the remaining
sample can then be weighted again to three decimal places and compared with its original
weight. The result is given in percent as a degree of cross-linking.

2.5.2. Wide-Angle X-ray Diffraction

This method was used to determine the crystalline structure of both the surface layer
and the center layer. WAXD was carried out on a X’'PERT PRO MPD (MultiPurpose
Diffractometer) with a monochromatic radiation CuK« and nickel filter. The device was
manufactured by PANalytical (Malvern, UK). All measurements were conducted at 40 kV
and 30 mA, while the angle of the rays was between 10° and 30° with 0.013° steps.
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2.5.3. Optical Microscopy—Microtome Cuts

When the samples were prepared, the slices were cut transversely to a 40 pm thickness
on a rotational microtome Leica RM 2255 (Deer Park, IL, USA). These cuts were examined
using a polarized optical microscope, which enabled observation of the structure along the
entire cross-section.

2.5.4. Transmission Electron Microscope

Electron microscopy was performed on a transmission electron microscope, Tesla
500 (Prague, Czech Republic), at 90 kV using replicas of selectively etched sample surfaces.
Selective etching was performed using a 1% solution of KMnOj, in 85% H3PO; for 1 to
10 min at room temperature. After selective etching, the samples were vacuum-shadowed
by gold or platinum. For sample replication, a 5% water solution of polyacrylic acid was
used. The magnification of the micrographs is indicated by 1 mm bars and the extension
direction by an arrow.

3. Results

The results reflect the influence of electron radiation and the depth of penetration
on morphology, which were measured by the gel test and wide-angle X-ray diffraction.
This treatment affected the final tribological and mechanical properties (indentation hard-
ness, indentation modulus, and indentation creep) and did so differently throughout the
individual layers.

3.1. Tribological Properties

Tribological properties, e.g., friction force (Figures 3a and 4a), acoustic emission
(Figures 3b and 4b), friction coefficient (Figures 3¢ and 4c), and surface profile after indenta-
tion (Figures 3d and 4d) of the modified polypropylene surface, can also be investigated
using the scratch test. These tests can help with the prediction of surface resistance to
abrasion. Tribological properties were measured in samples irradiated by selected doses of
radiation (0, 33, 66 and 99 kGy) for improved clarity of results.
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Figure 3. Tribological properties 1 N: (a) Frictional force; (b) Acoustic emission; (c) Friction coefficient;
(d) Removal depth.
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Figure 4. Tribological properties 5 N: (a) Frictional force; (b) Acoustic emission; (c) Friction coefficient;
(d) Removal depth.

The results of tribological tests carried out with a loading force of 1 N show that the
highest values of observed properties, e.g., friction force, acoustic emission, and friction
coefficient, were found in virgin PP. On the contrary, the observed tribological properties
improved in radiation modified PP. The lowest tribological properties were found in
specimens irradiated with 66 kGy. For example, the friction coefficient was 0.31 for virgin
PP, but only 0.27 for PP exposed to 66 kGy.

Tribological properties measured with a loading force of 5 N displayed similar ten-
dencies to those measured with 1 N. The highest values were found in virgin PP, while
the lowest values were observed in PP irradiated by 66 kGy. For example, the friction
coefficient was 0.36 for the former and 0.32 for the latter.

Radiation modification improved the tribological properties, which led to an increase
in resistance to surface wear. This enhancement was caused by structural changes that
directly impacted the micro-mechanical properties. These changes guarantee that the
product can be used in demanding conditions that require high surface resilience.

3.2. Micro-Mechanical Properties

The DSI method is used not only for the measurement of polypropylene hardness/micro-
hardness but also for recording indentation characteristics throughout the process. This method
records continuous changes in indentation depth depending on time. Figure 1 shows the
selected indentation curves, i.e., the course of indentation force in dependence on the increasing
indentation depth (Figure 5a) and the course of indentation depth in time (Figure 5b), for virgin
PP and one irradiated by 45 kGy under three different loads (0.5 N, 1 N, 5 N). The highest micro-
mechanical properties were measured in PP irradiated by 45 kGy. Individual dependencies
can be used to determine material behavior as well as the depth of indentation reached for
individual loads.
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Figure 5. Indentation curves for loads 0.5 N, 1 N and 5 N (0 and 45 kGy): (a) indentation force
dependence on indentation depth; (b) Indentation depth dependence on indentation time (creep).

Figure 5a shows the dependence of loading force on indentation depth. As can be seen,
the highest indentation (60 um) for PP irradiated by 45 kGy was observed in PP irradiated
by 45 kGy measured with a 5 N loading force. At 1 N, the indentation was approximately
30 pum, while the lowest depth (20 um) was reached under 0.5 N. Indentation dependence is
characterized by loading area (the indentor steadily climbs to the maximum load), holding
area, and de-loading area (the indentor gradually decreases the load all the way to zero).
Based on these courses and the detection of the immediate position of the indentor in
dependence on loading force, it is possible to evaluate the mechanical properties, such as
indentation hardness and modulus, of the tested PP.

Figure 5b characterizes the dependence of indentation depth on time with the applica-
tion of a constant loading force. The time course of indentation depth is quite important
for the determination of polymer creep behavior. Indentation creep can be calculated from
the holding phase, when the indentor changes depth even with a constant load (indentor
sinking), which leads to material creep.

The primary value gained from the instrumented hardness test is indentation hardness.
Indentation hardness is characterized by its degree of resistance to permanent deformation
or damage and is defined as the maximum loading force divided by the contact area.

The graphical evaluation of the measured indentation hardness results of dependence
on varying doses of radiation and differing loading forces for PP can be seen in Figure 6a.
The values of indentation hardness for PP are significantly influenced by the magnitude
of the loading force. The values of indentation hardness rose notably with an increase
in loading force. The measured values indicate that radiation cross-linking manifests in
the improved hardness of the tested polymer. The lowest value for all test samples was
measured in virgin polymer (38 MPa), while the highest hardness value was measured
in PP irradiated by 45 kGy. Doses higher than 45 kGy led to a decrease in indentation
hardness. The maximum indentation hardness (56 MPa) for loading forces of 0.5 N was
measured in samples irradiated with 45 kGy. The difference in hardness between virgin
PP and PP exposed to radiation was 47%. The maximum indentation hardness for loading
force 1 N was measured in the same sample, but this time it was 67 MPa, thus the difference
in hardness in comparison with virgin polymer rose to 76%. Finally, the same sample
was responsible for the highest indentation hardness (78 MPa), which was a 105% differ-
ence compared to the unaltered polymer. Higher doses of radiation led to a significant
decrease in indentation hardness, which was basically 12% for all loads. The decrease in
hardness values after the application of radiation doses higher than 45 kGy was caused
by material degradation, which was subsequently confirmed by gel tests and wide-angle
X-ray diffraction.
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Figure 6. Dependence of mechanical properties on radiation dose for loading forces 0.5 N, 1 N and
5 N: (a) Indentation hardness; (b) Indentation modulus; (c) Indentation creep.

Another important value that can be gained from the instrumented hardness test is the
indentation modulus. This modulus can be determined from the slope of the de-loading
curve and corresponds with the elastic (Young) modulus.

Regarding indentation hardness (Figure 6a), similar results were also measured for
indentation modulus (Figure 6b), which closely corresponds with indentation hardness.
The highest values of indentation modulus for all loading forces (0.5 N, 1 N and 5 N) were
found in PP irradiated by 45 kGy. For loading forces of 0.5 N, the difference between virgin
and irradiated PP was 45%, while for 1 N, it was 62%. The biggest difference was found in
samples with a loading force of 5 N, which was 77%. As can be seen from measurements
performed at varying loading forces, increasing force (depth of measurement) led to a
higher indentation modulus. This finding corresponds with crystallinity measurements,
which indicated higher crystallinity with higher depth. On the other hand, the lowest
values of the indentation modulus were found in virgin PP, as is evident from Figure 6b.
Higher doses of radiation led to a decrease in indentation modulus, which could be caused
by material degradation due to the high intensity of radiation. Measurements of indentation
modulus correspond with material tendencies that were also found during tensile tests and
elastic modulus measurements.

The instrumented hardness test was used to study the influence of radiation dose on
the creep behavior of the tested PP. The characteristic value, the indentation creep, can be
determined from the dependence of indentation depth on indentation time. Indentation
creep manifests by itself in the gradual sinking of the indentor.

The course of indentation depth change in dependence on time while the sample was
experiencing a constant loading force can be seen in Figure 6¢c. The measurements show
that radiation cross-linking positively affects the creep behavior (indentation creep) of the
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studied PP. Measurements gained by the instrumented hardness test showed the lowest
values of indentation creep in PP irradiated by 45 kGy, where it was 15% lower when
compared with virgin polymer. The highest value of indentation creep was measured in
PP irradiated by 99 kGy. Higher values led to a significant increase in indentation creep,
which could be caused by the degradation of the studied polymer, especially in the surface
layer. It is evident from a comparison of indentation creep results with hardness that a
correlation can be found, i.e., increasing hardness led to a decrease in indentation creep.

3.3. Micro-Mechanical Properties—Section across Sample

Indentor dimensions and extraordinarily precise positioning enables the use of the DSI
method in studies of indentation hardness and numerous other characteristics describing
micro-mechanical behavior through cross-sections of tested samples. A schematic descrip-
tion of the test through the cross-section can be seen in Figure 7. The tested sample was cut
in the center, and its mechanical properties were measured from one edge to the opposite
one (0 mm, 0.6 mm, 1.3 mm, 2 mm, 2.7 mm, 3.4 mm, and 4 mm).

Figure 7. Schematic description of measurement through test sample’s cross-section.

As is obvious from Figure 8a, the DSI method was used to measure indentation
hardness across the entire thickness of both the virgin samples and PP irradiated by varying
doses of beta radiation. The indentation hardness increased with increasing distance from
the surface for all doses of radiation. Specifically, indentation hardness measured in PP
irradiated by 45 kGy was 14% higher 2 mm from the edge than it was at the surface layer.
On the contrary, indentation hardness for virgin PP was approximately the same across
the entire thickness. These results correspond with mechanical property measurements for
varying loads, in which the highest depth, thus hardness, was reached with a loading force
of 5 N. These changes were caused by varying crystallinity in individual layers, as shown
by wide-angle X-ray diffraction.

Similar tendencies across the sample thickness were measured for indentation mod-
ulus as for indentation hardness. The indentation modulus once again increased with
increasing distance from the surface, and it was 28% larger 2 mm from the edge than at the
edge itself. As can be seen in Figure 8b, the values for unaltered PP were evenly distributed
across the thickness of the test sample.

The results of indentation creep (Figure 8c) point towards an improvement trend from
the edge to the center of the sample. The difference between the surface and center of the
sample was approximately 30%. These tendencies emerged in all samples, which were
irradiated with varying doses of radiation.

The results of indentation properties gained by the DSI method through the cross-
section of test samples correspond with structural measurements carried out by wide-
angle X-ray diffraction. Lower mechanical property values were measured at the surface
layer of tested PP than at the center, which coincides with the changing crystalline and
amorphous content.
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Figure 8. Mechanical properties through test sample’s cross-section (0-99 kGy)): (a) Indentation
hardness; (b) Indentation modulus; (c) Indentation creep.

3.4. Morphology—Change of Structure

Morphology (structure) measurements were conducted in order to confirm the results
and changes in PP micro-mechanical properties measured by DSI. The goal of these mea-
surements was to interpret changes in the structure and morphology of PP irradiated by
beta radiation.

3.4.1. Degree of Cross-Linking

In general, a gel test is conducted to measure the degree of cross-linking (content of
gel) in the tested polymer. The degree of cross-linking in PP in dependence on the applied
radiation dose is evident in Figure 9. The maximum gel content was found in PP exposed
to 45 kGy of radiation. As is obvious from Figure 8, the degree of cross-linking (gel content)
is directly responsible for the properties of the irradiated polymer. Higher doses pointed
towards a slight decrease in cross-linking and thus in mechanical property values. This
could be caused by material degradation due to high radiation intensity.

3.4.2. Wide-Angle X-ray Diffraction

Wide-angle X-ray diffraction was used to measure the change in crystalline and
amorphous phase content, conducted both on the surface (Figure 10a) and at the center
(Figure 10b) of the tested polymer sample. As is evident from the results, neither the
position nor intensity of the peaks changed with the increasing growth of radiation. The
width of the peaks represents the size of the crystals, and it changes only slightly. A com-
parison of the position and size of the peaks between the surface and center of the part
shows that there were slight differences that manifested as variations in crystallinity. The
crystallinity content was determined by measuring the surface area of the amorphous and
crystalline parts of the studied polypropylene. As can be seen in Figure 11, increasing
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a significant effect on the micro-mechanical properties of the surface layer. The measured
results of WAXD imply that the lowest crystalline phase content was present in virgin PP
and PP irradiated by 15 kGy, 66 kGy, and 99 kGy, which at the same time demonstrated
the lowest values of micro-hardness and micro-toughness in the surface layer. With ra-
diation doses of 33 kGy and 45 kGy, there is a significant increase in crystalline phase
content, which once again corresponds with the improved values of micro-hardness and
micro-toughness. The increase in crystalline phase content results in a more prominent
improvement in micro-hardness in comparison with changes in amorphous content. As
can be seen from Figure 11, a higher crystalline phase content was found in the middle
of the tested sample than at the surface. High doses of radiation correlate with structure
changes, i.e., radiation melting. Radiation melting involves pushing defects or irregularities
in crystalline lamella to the surface. It is most likely caused by the transport of energy by
excitons along macromolecules, which leads to more defects in the surface of the lamella,
which correspondingly becomes thinner. Cross-linking and degradation processes happen
at the same time, especially in disorganized zones.
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The DSI method can record and quantify changes in the mechanical behavior of
individual layers of the tested polymer sample.

3.4.3. Microscope Images of Microtome Cuts

After the samples were cut and their micro-mechanical properties were measured by
the DSI method, microtome cuts were prepared for each sample with varying exposure to
radiation doses. As can be seen in Figure 12, the increase in radiation dose led to changes
in crystalline phase content. As can be seen from associated microtome cuts, increasing
the dose of radiation led to changes in skin-core structure. Higher doses of radiation led
to thinning of the skin layer and varying sizes and volumes of the crystalline phase in the
core layer. The skin layer was 100 um in virgin PP, while it was only 20 um in samples
irradiated by 45 kGy and almost non-existent in samples exposed to 99 kGy. This also
impacted changes in micro-mechanical and tribological properties. These results were also
confirmed by wide-angle X-ray diffraction and Transmission electron microscopy.

Figure 12. Microtome cuts images.



Lubricants 2023, 11, 296

15 of 17

3.4.4. Transmission Electron Microscopy

The morphology of irradiated and virgin polypropylene was also observed by trans-
mission electron microscopy. The final structure contained mostly spherulites. Observed
structures were most prominent in samples irradiated by 45 kGy. The use of higher doses
(90 kGy) led to the partial degradation of polypropylene (Figure 13), which indicates a de-
crease in micro-mechanical properties in surface layers. These results confirm the findings
of previous morphology tests.

Figure 13. Transmission electron microscope of the irradiated polypropylene.

The results gained from the instrumented hardness test were supported by structure
measurements, i.e., gel tests, wide-angle X-ray diffraction, polarized optical microscope
images of microtome cuts, and Transmission electron microscopy. As is evident from the
results, there was a change in crystalline and amorphous content in both the surface layer
and layers within the sample, which corresponds with changes in micro-mechanical and
tribological properties.

As shown by previous measurements, the best values of micro-mechanical and tribo-
logical properties were found in test samples irradiated by 45 kGy, which was caused
by the creation of a 3D network (measured by gel test) and increased crystalline phase
content. Higher doses of radiation led to degradation processes, which were supported by
the results of the gel test and decreased crystalline phase. Degradation processes led to a
decline in observed properties. These results confirm the findings of various authors [1-29]
who have investigated this topic in publications presented in the literature.

The results of this study investigate the dependence of the surface wear of PP on
its resilience. The polypropylene was modified by electron radiation, which manifested
in improved tribological properties of the surface layer and micro-mechanical properties
through the material cross-section. These properties demonstrate the usability of this
modification when enhanced surface resilience is needed and enable the use of cheaper
materials in place of expensive ones. This improvement was caused by structure changes
induced by electron radiation that influenced crystallinity, the degree of cross-linking, and
skin-core layers.

4. Conclusions

Radiation cross-linking has a positive influence on tribological and micro-mechanical
properties measured by instrumented hardness tests, especially friction coefficient, indenta-
tion hardness, modulus, and creep. The optimal radiation exposure for the tested material
with the given composition appears to be 45 kGy (66 kGy), which was the threshold where
tribological and micro-mechanical properties were at their peak. The measurements show
that these micro-mechanical properties were not homogenous across the thickness of the
samples. Towards the center of the tested PP, an increasing trend was found in mechanical
properties. The difference between the surface and center of the tested PP was up to 28%.
This finding was confirmed by morphology measurements carried out by wide-angle X-ray
diffraction that showed changes in crystallinity phase content in both the surface layer
and center layer. The results show that electron radiation has an influence on crystallinity,
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which was 12% higher in the center layer than it was in the surface layer. Confirmation
of cross-linking was carried out by gel tests, which showed the highest cross-linking for
test samples irradiated by 45 kGy. Higher doses led to a decrease in mechanical proper-
ties, which could be caused by degradation processes due to high radiation intensity. So,
concrete applications need a specific radiation intensity that is suitable. Due to increased
tribological and micro-mechanical properties, increased resistance to wear was gained in
irradiated materials. This modification of materials enables the use of cheaper polymers in
applications with high requirements for long-term resistance against wear.
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